The aims of this prospective study were to quantify steatosis in dogs with congenital portosystemic shunts (CPS) using a fat-specific stain, to compare the amount of steatosis in different lobes of the liver, and to evaluate intra-and interobserver variability in lipid point counting. Computer-assisted point counting of lipid droplets was undertaken following Oil Red O staining in 21 dogs with congenital portosystemic shunts and 9 control dogs. Dogs with congenital portosystemic shunts had significantly more small lipid droplets (<6 m) than control dogs (P ¼ .0013 and .0002, respectively). There was no significant difference in steatosis between liver lobes for either control dogs and CPS dogs. Significant differences were seen between observers for the number of large lipid droplets (>9 m) and lipogranulomas per tissue point (P ¼ .023 and .01, respectively). In conclusion, computer-assisted counting of lipid droplets following Oil Red O staining of liver biopsy samples allows objective measurement and detection of significant differences between dogs with CPS and normal dogs. This method will allow future evaluation of the relationship between different presentations of CPS (anatomy, age, breed) and lipidosis, as well as the impact of hepatic lipidosis on outcomes following surgical shunt attenuation.
Congenital portosystemic shunt (CPS) is a vascular anomaly that diverts portal blood past the hepatic sinusoids and into the systemic veins. This leads to impaired hepatic development because of reduced delivery of hepatotrophic substances such as insulin to the liver. Another, direct effect of the decreased hepatic circulation is the high level of toxins, hormones, and nutrients that bypass the liver and drain directly to the systemic circulation. 4, 27 Not surprisingly, a variety of histologic perturbations have been described in dogs with congenital portosystemic shunts. These include hypoplasia of the hepatic portal vasculature, bile duct hyperplasia, arterial reduplication, and evidence of ongoing liver damage, such as fibrosis and lipogranuloma formation. 1, 5, 10, 17, 22, 25 Congenital portosystemic shunt has also been reported as one of a variety of conditions leading to vacuolar hepatopathy in dogs. 25 It has previously been difficult to objectively assess the degree of steatosis in individual patients as hematoxylin and eosin (HE) staining does not permit differentiation between glycogen, lipid, or some other substance. Furthermore, there appear to be differences in the degree of histologic change between liver lobes for abnormalities such as microvascular dysplasia, 17 leading to potential underestimation of the severity with which an individual is affected if only one biopsy sample is taken, although this has not been proven for other abnormalities. 11 The significance of lipogranulomas in dogs with CPS has been the subject of much speculation. They are thought to represent remnants of degenerating hepatocytes with a subsequent inflammatory reaction and are considered to provide circumstantial evidence for steatosis. 3, 5, 10 Normal dogs develop lipogranulomas as a routine consequence of aging, but the number and size of lipogranulomas seem to be greater in agematched dogs with CPS, although this has not previously been quantified. 10 Hepatic steatosis (synonymous with lipidosis) may take a variety of forms. Microsteatosis refers to a change in which lipid accumulation is in the form of small vacuoles. With macrosteatosis, the lipid vacuoles are as large as or larger than the cell nucleus and begin to distort other intracellular structures. 3, 30 Macrosteatosis is a recognized feature of hepatic lipidosis in cats 5 and has been identified in association with congenital portosystemic shunts in dogs although not objectively assessed. 1, 17, 22 The amount of microvacuolar change that can be attributed to lipid accumulation versus glycogen or other substances has likewise not previously been quantified.
Steatosis has been the subject of much recent attention in the human literature, as a means of predicting insulin resistance and gauging preexisting liver injury in a variety of settings. 3, 19, 24, 26, 30 Histologic assessment is typically qualitative, including a description of the size of fat droplets (micro-or macrovesicular) and their location within the lobule, or semiquantitative, with a subjective multigrade scale based on the proportion of hepatocytes with steatotic droplets. 12 There is an increasing amount of evidence that fatty infiltration in the human liver results in greater susceptibility to injury and impairs regeneration of the liver. 7, 19, 24, 26 It has thus become the convention to evaluate livers suspected of fatty infiltration histologically before using them for transplantation. 26 In addition to the above-mentioned clinical observations in humans, preexisting liver injury as evidenced by steatosis has been shown to affect the liver's tolerance to further injury and its ability to repair itself in experimental models. 13, 24, 31 Hepatic regeneration as evidenced by an increase in liver volume and return of biochemical parameters to normal occurs in many dogs following attenuation of a CPS or administration of hepatocyte growth factor. 9, 14, 15, 28, 29 However, in some patients, liver function never returns to normal, and portal hypertension results in development of multiple acquired shunts, 9, 16, 20, 21 leading to speculation that the liver's ability to respond to normal trophic factors is impaired.
Although the type and degree of histologic liver injury have been suspected to play a role in outcomes after surgery for congenital portosystemic shunts, previous studies using HE staining have failed to identify a correlation between histologic changes and prognosis after surgery. However, these studies have focused more on fibrosis and architectural changes, rather than the presence, degree, and type of steatosis. 1, 17, 22 The study by Baade et al 1 showed some resolution of histologic abnormalities, particularly necrosis and fibrosis. Lipidosis was described in some cases as ''massive'' but not quantified or confirmed with special stains. Likewise, in the study by Parker and others, 22 lipidosis was graded from 0 to 3 but not characterized in terms of size of lipid vacuoles or distribution or proportion of hepatocytes containing lipid droplets. The use of a stain specific for lipid should facilitate a more accurate assessment of both microvacuolar and macrovacuolar lipid accumulation within cells as well as within macrophages. Actual counting of lipid droplets using a computerized system (stereological point counting) has been shown to provide a more accurate and reproducible way of calculating hepatic lipidosis than previous visual grading systems. 8 The aim of the present study was to describe the use of stereological point counting for characterizing the type and degree of steatosis occurring in the livers of dogs with congenital portosystemic shunts and to compare this with control dogs.
Materials and Methods

Animals and Samples
Twenty-one dogs underwent surgery for congenital portosystemic shunts between January 2009 and July 2010 at the Veterinary Medical Teaching Hospital, Davis, California. Fasting serum triglyceride levels were determined for 6 dogs immediately prior to biopsy. Samples were taken from the right medial, quadrate, or left medial liver lobe using either the wedge technique or a 4-or 6-mm biopsy punch, depending on the surgeon's preference. In 13 shunt dogs, a biopsy specimen was taken from each of the 3 lobes to enable comparison between 3 different sites within the liver.
Punch biopsies were also taken at necropsy from each of 3 lobes in 9 young, healthy dogs surrendered for euthanasia by a local shelter for nonmedical issues and with laparoscopic biopsy forceps from a single lobe in 3 healthy young dogs presenting for laparoscopic ovariectomy.
Biopsies (52 samples from 21 CPS dogs and 9 control dogs) were divided into at least 2 sections and submitted for Oil Red O staining.
Processing Methods
The biopsy sample was placed into a Tissue tek container, which was then filled with Tissue tek OCT compound gel (Sakura Finetek, Torrance, CA). The samples were then frozen in liquid nitrogen, prior to being cut into 7-mm slices, and then stained for lipid using a standard Oil Red O protocol.
Point Counting
Each sample was assigned a random number so as to blind the observers to the identity of the patient, its shunt status, and the liver division from which the biopsy specimen was obtained. The slides were scanned with an Olympus VS110 whole-slide scanner using an Olympus Â20 UPlanApo N.A. 0.75 lens (Olympus, Center Valley, PA). The resulting images were analyzed using a commercially available system (Visiopharm, Hørsholm, Denmark). Each digital image file underwent systematic uniform random sampling using the Visiopharm Integrator System version 4.2 (VIS) and a MicroImager module. The specimen was evaluated by counting lipid droplets and lipogranulomas, which was performed in VIS with the Computer Assisted Stereological Toolbox module and a point counting grid. Each grid contained a number of coarse points (T) and a larger number of fine points (F; Figs. 1-3 ). The course points were used to evaluate the proportion of the scanned image that contained tissue. Each fine point was marked by a 9-mm cross that divided the point into 4 quadrants. A given feature was counted if it fell within the right upper quadrant. The fine points were used to count cell nuclei, lipogranulomas, and lipid droplets. Each arm of the 9-mm cross was further divided into sections, enabling differentiation between lipid droplets of different sizes. Lipogranulomas were counted when there was an obvious aggregation of 2 or more macrophages containing lipid.
Thus, a final count for a biopsy sample contains the following information:
1. Number of coarse points that fell upon tissue: to enable calculation of the absolute amount of tissue analyzed, the density of lipid droplets per tissue point and comparison of features between biopsy samples of different sizes. 2. Number of fine points that fell upon nuclei. 3. Number of fine points that fell upon lipid droplets of the following sizes: 2 m, 2 to 6 m, 6 to 9 m, and >9 m. 4. Number of fine points that fell upon lipogranulomas (classified as more than 1 cell containing pigments and/ or fat characteristic of lipogranuloma).
Evaluation of Intraobserver Repeatability
Biopsy samples from 8 CPS dogs and 2 control dogs were analyzed by observer 1 on 2 separate occasions and the counts compared.
Evaluation of Interobserver Repeatability
Biopsy samples from 9 CPS dogs and 6 control dogs were analyzed by 2 different observers and the counts compared.
Effect of Liver Lobe
Biopsy samples were taken from 3 different liver lobes in 16 CPS dogs and 9 control dogs. All counts were performed by a single observer.
Effect of Shunt Status, Age, Sex, and Triglyceride Level
Point counts from a biopsy sample from the left division of the liver, performed by a single observer, were compared between 18 CPS dogs and 9 control dogs.
Statistical Analysis
Variability associated with different liver divisions was evaluated using repeated-measures analysis of variance with a Huynh-Feldt correction for samples with different variances. Intra-and interobserver repeatability was evaluated using the nonparametric Wilcoxon signed rank test. Differences between control dogs and dogs with CPS, as well as between dogs demonstrating a particular trait (eg, lipid droplets >9 m), were evaluated using analysis of variance. Correlation between age and point counts was evaluated using regression analysis. P values less than .05 were considered significant. 
Results
Animals
Signalment and Clinical Signs. All CPS dogs suffered signs of poor hepatic function resulting from a single, congenital, portosystemic shunt. Details of signalment, shunt anatomy, and age at time of biopsy are presented in Table 1 . All dogs displayed serum biochemical evidence of hepatic dysfunction, including elevation of the liver enzymes alanine aminotransferase and alkaline phosphatase, as well as reduced levels of hepatic metabolites such as serum urea nitrogen, albumin, and cholesterol. Seventeen dogs had an extrahepatic shunt and 4 dogs had an intrahepatic shunt. The age of the dogs ranged between 4 and 132 months at the time of surgery (median, 13.5 months). Eleven dogs were male and 10 were female. The age was unknown for most of the control dogs, but the clean and undamaged state of their dentition suggested that they were younger than 2 years.
Point Counts Using Oil Red O Samples
Intraobserver repeatability. There was a high level of correlation for counts performed by the same observer on different occasions, with no parameters showing a significant difference ( Table 2) .
Interobserver repeatability. There was no significant difference between observers for the most frequent variables (lipid droplets <6 mm), although counts for individual patients varied by up to 20% (Table 3 ). Significant differences were observed for the less common variables such as lipid droplets 6 to 9 mm and number of lipogranulomas per tissue point (P ¼ .023 and .01, respectively). There was also a significant difference in the number of nuclei per tissue point (P ¼ .02). There were major differences in counts for lipid droplets >9 mm, but this did not reach statistical significance.
Differences between groups. There was no significant effect of age, sex, shunt type, or triglyceride level on point counts for CPS dogs. Counts per cell and per tissue point are shown for the different study groups in Table 4 .
Control dogs had significantly fewer nuclei per tissue point than CPS dogs (P ¼ .0002; Table 4 ). They also had significantly fewer lipid droplets <2 mm and 2 to 6 mm per tissue point (P ¼ .0013 and .0002, respectively). The number of droplets 6 to 9 mm and >9 mm and lipogranulomas per tissue point was subjectively lower for controls than for CPS dogs but did not reach statistical significance. Notably, all control dogs displayed lipogranulomas (mean, 0.007; range, 0-0.029). In contrast, CPS dogs had a mean of 0.068 (range, 0-0.43), with 10 of 21 being above 0.029. When dogs in which no lipogranulomas were seen were excluded, the number of lipogranulomas was significantly higher for CPS dogs than for control dogs (0.106 + 0.027 vs 0.0074 + 0.034; P ¼ .034).
Effect of liver lobe. Most variables evaluated were similar between the different lobes of the liver in either control dogs or CPS dogs, but there were some exceptions ( Table 5 ). In control dogs, there were significantly fewer nuclei per tissue point (P ¼ .007), and more lipid droplets <2 mm/cell in samples from the left division of the liver, but this difference was not sustained when the number of droplets <2 mm per tissue point was analyzed. Both control dogs and CPS dogs showed significantly fewer lipid droplets between 2 and 6 mm per tissue point in the left lateral liver lobe versus the other liver lobes (P ¼ .02 and .012, respectively).
Effect of triglyceride level. Triglyceride levels were within the normal range for all dogs in which they were measured (median, 47; range, 26-66 mg/dl [normal range, 19-103 mg/dl]). Point counts were no different for the subgroup of dogs in which triglyceride levels were measured and hence they can be considered representative of the whole group.
Correlation between number and size of lipid droplets and lipogranuloma formation. There was a highly significant association between the number of lipid droplets and the number of lipogranulomas for all sizes of lipid droplet (P < .0001 in all instances).
Dogs that demonstrated macrosteatosis had a significantly higher number of lipogranulomas than dogs that did not have macrosteatosis (0.027 + 0.016 vs 0.139 + 0.032; P ¼ .004).
Discussion
The use of a digital system for counting lipid droplets following Oil Red O staining confirmed previous reports of significant hepatic lipid accumulation in dogs with CPS. 1, 10, 17, 22, [25] [26] [27] [28] Despite attempts to objectify this method of analysis by creating ''rules'' for inclusion of lipid droplets in the count, it still relies on discretion by the operator as to the size of the lipid droplet, whether it falls within the appropriate quadrant, or whether it actually touches the grid point and overlaps quadrants. This could explain the substantial and significant variation between observers. However, we demonstrated an extremely high correlation between counts performed by the same observer on the same samples at different times, suggesting that although the objective criteria are still subject to interpretation by individuals, once the observer has decided on the preferred conventions, they are highly reproducible.
These results suggest that a single observer should always be used when attempting to interpret differences between study groups. The present study was able to quantify the difference in the number of lipid droplets within the livers of CPS dogs versus control dogs. Steatosis has been proven in experimental models to be a marker of liver injury, 13 and this also seems likely in dogs with CPS. The objective measurement tool described in this article thus provides a mechanism for future comparison of steatosis in dogs with different types of portosystemic shunt, dogs that recover normal liver function following surgery versus those that do not, assessment of changes that may occur following surgery in patients for which postoperative biopsies can be obtained, and comparison of dogs with CPS against experimental models of liver injury. The results of the present study also confirm that CPS livers show significant evidence of steatosis even in the absence of the lipogranulomas and large intracellular vacuoles necessary to make the diagnosis using HE staining. Failure of the counting system used in the present study to identify a significant difference between the number of lipogranulomas in control versus CPS dogs until all dogs that did not display lipogranulomas were excluded is probably confounded by the fact that the control and CPS populations were not matched for age, which has a significant effect on development of lipogranulomas. 10 Furthermore, the counting protocol used in this study did not take into account the size of lipogranuloma. Therefore, a dog with multiple microscopic lipogranulomas could return the same result as a dog with large lipogranulomas, despite the feature being far more prominent histologically in the second case. Further investigation is warranted into the size and location of lipogranulomas that represent normal ''wear-andtear'' versus those that represent a pathological process specific to the livers of CPS dogs. The impact of the number and size of lipogranuloma, as well as their zonal distribution within the liver, on liver function and response to surgical attenuation in dogs with CPS is worthy of further investigation. Steatosis has received a great deal of attention in the literature recently due to its presence in a variety of liver diseases in man, particularly the conditions grouped as nonalcoholic steatohepatitis (NASH). 2, 7, 12, 30 It is as yet unclear whether steatosis precedes, or follows, liver injury in many patients. Hepatic lipid accumulation can also be related to diet. 18 All CPS dogs of the present report were receiving the same diet, specially formulated for protein intolerance secondary to hepatic dysfunction, prior to surgery. Unfortunately, measurement of serum triglyceride levels is not standard practice, and hence we were not able to retrospectively determine triglyceride levels for all the patients of this report. Nevertheless, triglyceride levels were within normal limits for the small number of patients in which they were analyzed, and no association between triglyceride level and lipid counts was observed.
Three previous veterinary studies attempted to determine the degree of histologic change before surgery and correlate changes to the dogs' response to surgery. In the study by Parker et al, 22 severity of preoperative histologic changes in CPS liver samples failed to correlate with the prognosis after surgery. Baade et al 1 compared biopsy samples of canine livers with CPS before and after partial ligation of the shunt. Arteriolar and ductular proliferation, hypoplasia of the portal veins, and atrophy and steatosis were present preoperatively, and these signs resolved to some extent after surgery. Lee et al 17 reported similar findings in that dogs with small numbers of portal veins were less likely to tolerate complete shunt ligation and that vacuolation of hepatocytes resolved to some extent following surgery. However, none of these studies specifically assessed steatosis using special stains, and it thus is possible that they failed to clearly correlate liver injury with postoperative outcome due to an underestimation of the injury present in each of their patients. Standard grading systems cannot differentiate between microvacuolar changes due to glycogen, lipid, or other substances, 2, 12, 23 whereas the present study clearly shows that most CPS patients have substantial amounts of lipid in their hepatocytes even if they only have microvacuolar changes.
Macrosteatosis has negative prognostic significance for liver regeneration in human patients undergoing liver transplantation. 19 Further investigation of the type and nature of steatosis in dogs with congenital portosystemic shunts and objective postoperative measures of surgical success such as contrastenhanced computed tomography are warranted to determine whether the type of steatosis has any prognostic significance.
The larger numbers of nuclei per tissue point between CPS and control dogs can probably be explained by the combined phenomena that have previously been report in association with CPSnamely, hepatic lobular atrophy, bile duct proliferation, and arteriolar reduplication. 3, 5 This results in larger numbers of cells in a given portion of liver and artificially ''dilutes'' the number of lipid droplets if they were expressed as droplets per cell. Furthermore, in this study, we did not attempt to differentiate between hepatocytes and other cells such as biliary epithelium. For this reason, we chose to report the data as lipid droplets per tissue point, as this is an expression of the proportion of lipid per quantity of liver, which is independent of the size or architecture of the liver, or the proportions of different cell types present.
The reason for significantly lower nuclei counts for the left division of the liver in control dogs is not immediately clear. It may represent a previously undescribed difference between liver lobes, or it may be an artifact due to relatively small sample size. There is some evidence for physiological differences in blood flow to the different liver lobes due to streaming within the portal vein. 6 Hence, blood from the spleen and/or the intestine may preferentially flow to a particular division of the liver, stimulating different patterns of cell growth. The present study also showed a significant difference in the number of lipid droplets in the left liver lobes of both control and CPS dogs. A previous report found no difference between liver lobes in the histologic features of CPS assessed using HE staining. 11 Differential growth of different liver lobes has been observed following CPS ligation, but the reasons have not been clarified. 25 Point counting using a larger sample size and correlating it with clinical outcome and patterns of liver growth following surgical attenuation in dogs with CPS is indicated to explore this possible difference further.
In conclusion, computer-assisted counting of lipid droplets following Oil Red O staining of liver biopsy samples allows objective measurement and detection of significant differences between dogs with CPS and normal dogs. This method will allow future evaluation of the relationship between different presentations of CPS (anatomy, age, breed) and lipidosis, as well as the impact of hepatic lipidosis on outcomes following surgical shunt attenuation.
